Introduction {#Sec1}
============

Peripheral neuropathy arising from metabolic disorders such as Obesity and pre-diabetes leads to loss of sensory perception, pain, and reduced quality of life^[@CR1]--[@CR3]^. Currently, there are no disease modifying drugs available, as the neurobiology underlying this type ofneuropathic pain is still unclear. Many previous studies have focused on glucose as a major culprit in the development of diabetes-associated neuropathies^[@CR4]--[@CR6]^, but recent body of evidence indicated that altered lipid signaling in the peripheral nervous system (PNS)^[@CR7]--[@CR10]^ is involved. Evidence in obese and diabetic patients, in addition to murine model of type II diabetes and pre-diabetes strongly suggest that circulating cholesterol and cholesterol pathways are linked to development and progression of neuropathy^[@CR11]--[@CR13]^. Notably, sensory neurons located in the dorsal root ganglia (DRG) and associated Schwann cells (SC), satellite cells or immune cells in the nerves are not protected from the blood-brain or blood-nerve barrier^[@CR14]^ suggesting that, in contrast to the central nervous system (CNS), they could sense and/or be affected by circulating lipids. Previously, we found that peripheral neurons express cholesterol sensor and transcription factor: liver X receptors (LXR α/β) (NR1H3 and NR1H2)^[@CR15]--[@CR17]^. LXR α/β are ligand-activated nuclear receptors that bind metabolites of cholesterol^[@CR18],[@CR19]^. Many previous findings strongly suggested that, LXRs play an important role in nervous systems^[@CR16],[@CR17]^ but, while the function of LXR α/β in regulating cholesterol efflux (in liver, intestine, adipose tissue or macrophages) and triglycerides synthesis (in liver) is well characterized, its specific cellular role in various cell types of the nervous system remains understudied.

In the peripheral system, neurons and their axons are associated with non-neuronal cells and they have a high interdependent relationship i.e., damage to one cell type leads to pathophysiological changes in the other. SC are the principal glia of the PNS and represent the major cell population of the sciatic nerve (SN), they are under the control of axons and their nuclei located in DRG^[@CR20]--[@CR22]^. The SC population is heterogeneous since some SC produce myelin and others do not, however, in all cases reported, SC are crucial for normal PNS function and repair^[@CR23]--[@CR25]^. These specific roles of different SC population are understudied *in vivo* because markers defining specific SC population are unknown. Membrane-bound Neuregulin 1 type III (Nrg1 type III) is expressed in neurons and is well-known to regulate neuron-associated SC functions^[@CR26]^. Expression of Nrg1 type III, independent of axon diameter, provides the signal that determines whether axons become unsheathed, myelinated or repaired after nerve injury^[@CR27]--[@CR29]^. Neuronal Nrg1 interaction with SC epidermal growth factor receptors (ErbB) is necessary to maintain normal peripheral nerve function^[@CR30]^. Importantly, disrupting interaction of Nrg1 and ErbB at the SC--axon interface leads to abnormal and aberrant myelination of large fibers, and perturbation in the Remak bundle structures (containing small non-myelinated axons)^[@CR30],[@CR31]^. While neuronal Nrg1/ErbB expression is crucial to regulate SC function, its gene regulation is unclear either in normal or pathological states. Our study using mice models of diet-induced obesity suggest that neuron/non-neuronal cell (potentially SC) communication is altered in the PNS of diet-induced obesity rodent models. Cell-specific approaches demonstrate that LXRs expressed in nociceptors regulate *Nrg1* expression, and alter gene expression in cells of the nerve. Our *in vivo* data uncovered a unique pathway involving neurons/non-neuronal cell communication potentially involved in neuropathy induced by type II diabetes and Obesity.

Results {#Sec2}
=======

Decreased ErbB expression in the nerves of western diet-fed mice {#Sec3}
----------------------------------------------------------------

Others and we identified that Western Diet (high-fat, high-sucrose, high-cholesterol)-feeding led to peripheral neuropathy affecting the sensory neurons and their associated SC^[@CR16],[@CR32]^. Previous reports demonstrated that modifications in cells in the sciatic nerve (such as SC) were strongly linked to neuropathy phenotype in obesity^[@CR3]^. To identify changes in transcriptome in the nerves (as opposed to DRG neurons) after WD feeding^[@CR16]^, we performed RNA sequencing (RNA-seq) of sciatic nerve of normal chow (NC) or WD-fed wild type mice (14 weeks). Sciatic nerves from NC- and WD-fed mice were dissected, total RNA was purified and only samples with high quality test were subjected to RNA sequencing (Fig. [1A](#Fig1){ref-type="fig"}).Figure 1WD-fed mice have downregulation of axon guidance and Schwann cell homeostasis pathways in sciatic nerve. (**A**) RNA quality assessed by Agilent Bioanalyzer using Total RNA Pico Chip. (**B**) Heat map showing the PCA distances between each biological replicate. (**C**) Volcano plot revealing upregulated and downregulated genes in the transcriptome (n = 2 biological replicates, 4 nerves/replicate). In red, transcripts statistically different and exhibiting a fold change \>1.5. In orange and red, transcripts statistically different with FDR-adjusted p-value or q-value \< 0.05. (**D**) Heat map of top 50 differentially regulated genes in sciatic nerve of NC or WD-fed mice (n = 2 biological replicates, 4 nerves/replicate). (**E**) Pathway analysis of upregulated genes from RNA-seq in sciatic nerve of NC or WD-fed mice (n = 2 biological replicates, 4 nerves/replicate). (**F**) Pathway analysis of downregulated genes from RNA-seq in sciatic nerve of NC or WD-fed mice (n = 2 biological replicates, 4 nerves/replicate). (**G**) qPCR verification of mRNA level of ErbB2 and 3 in sciatic nerve of NC or WD-fed mice with NC-fed group treated as 100% (n = 6/group). All data are Mean±S.E.M. \*\*\*p \< 0.0005.

RNA-seq analysis identified 4,166 differentially regulated genes between NC and WD-fed mice sciatic nerves (Fig. [1B--D](#Fig1){ref-type="fig"}) (n = 2 biological replicates, 4 sciatic nerve pooled per replicate). In the sciatic nerve of WD-fed mice, 2153 genes were upregulated and 1970 genes were down regulated (Fig. [1C](#Fig1){ref-type="fig"}; Supplemental File). To identify path ways that were dysregulated after WD, we performed Metascape analysis. Metascape pathway analyses revealed significant enrichment of genes involved in lipid and carbohydrate metabolism-related pathways including "lipid homeostasis" (e.g. Cd36, Abcg1, Abca1, Pparγ) in upregulated dataset (Fig. [1E](#Fig1){ref-type="fig"}). Many of the genes dysregulated were consistent with previous studies in others models of diabetic neuropathy (e.g. Abca1, Abcg1, Wnt, Srebpf1)^[@CR33]--[@CR36]^. In addition, we observed a down regulation of genes involved in "cell surface receptor signaling pathway involved in cell-cell signalling" pathways (ErbB2 and 3, Slit2, Sox10, Sirt2, Fgfr, Piezo 2) in down regulated dataset (Fig. [1F](#Fig1){ref-type="fig"}). Interestingly, ErbB genes are implicated in SC function and are known to be necessary to maintain normal peripheral nerve function^[@CR30]^ via a neuronal-SC communication. To validate the ErbB2, and ErbB3 data, qPCR analyses were performed in independent experiments using separate cohorts of mice (n = 6).We confirmed a significant decrease in the mRNA levels of ErbB2 and 3 in sciatic nerve of WD-fed mice compared to NC-fed (Fig. [1G](#Fig1){ref-type="fig"}) (n = 6/group; t-test; p \< 0.0005). These data suggest that the communication between neuron and associated-cells may be altered in the PNS of WD-fed mice compared to NC mice. The sciatic nerve is comprised of various cells types such as immune cells, satellites cells, SC representing the major cell type^[@CR37],[@CR38]^ suggesting that many of gene identified in RNAseq data are SC genes. In the future, specific markers would need to be identified to confirm this statement. Sensory neurons are associated with both myelinating and non-myelinating SC, to our knowledge there are no markers that define the entire population *in vivo* (non-myelinating and myelinating).

NRG1 expression is decreased in the DRG of western diet-fed mice {#Sec4}
----------------------------------------------------------------

As mentioned, DRG axons are in continuous contact with non-myelinating and myelinating SC expressing ErbB. Axonal cues, in particular NRG1, is known to be a driving force for regulating SC proliferation and migration^[@CR26]^. Since neuronal Nrg1 type III regulates neuron-SC communication involving SC ErbB pathways^[@CR26]^, we assessed the level of Nrg1 type III in the DRG (where neuronal cell bodies are located) of NC versus WD-fed mice.We observed that DRG of WD-fed mice have a significantly lower mRNA level of Nrg1 type III compared to NC-fed mice (Fig. [2A](#Fig2){ref-type="fig"}) (n = 6/group; t-test; p \< 0.05). To evaluate whether the decrease of DRG Nrg1 type III expression in WD-fed mice may be due to an direct effect of saturated fat on the neurons, we used *ex vivo* and *in vitro* approaches. First, organotypic cultures of DRG were stimulated with the saturated fatty acid, palmitic acid (400 µM). Compared to vehicle (BSA)-treated DRG, palmitate-treated DRG had lower mRNA level of Nrg1 type III (Fig. [2B](#Fig2){ref-type="fig"}) (n = 4 experiments in triplicate; t-test; p \< 0.0005). As DRG contains several cell types, second, we dissociated DRG to study Nrg1 in primary neuron cultures. Compared to vehicle treated, neurons exposed to palmitic acid had lower mRNA level of Nrg1 type III (Fig. [2C](#Fig2){ref-type="fig"}) (n = 3 experiments in triplicate; t-test; p \< 0.005) suggesting that saturated fat can alter the expression of Nrg1 type III.Figure 2Nrg1 type III level is decreased in DRG sensory neurons of WD-fed mice. (**A**) Nrg1 type III mRNA level in DRG of mice fed either NC or WD with NC group treated as 100% (n = 6/group). (**B**) Nrg1 type III mRNA level in organotypic culture of DRG stimulated with or without palmitate (vehicle group treated as 100%) (n = 4 experiments in triplicate). (**C**) Nrg1 type III mRNA level in primary neuronal culture of DRG stimulated with or without palmitate (vehicle group treated as 100%) (n = 3 experiments in triplicate). (**D**) Nrg1 type III mRNA level in DRG sensory neurons of RiboTag-Nav mice fed either NC or WD with NC group treated as 100% (n = 6/group). (**E**) Nrg1 type III mRNA level in organotypic culture of DRG sensory neurons (from RiboTag-Nav mice) stimulated with or without palmitate (vehicle group treated as 100%) (n = 3 experiments in triplicate). All data are Mean±S.E.M. \*p \< 0.05; \*\*p \< 0.005; \*\*\*p \< 0.0005.

Previous studies including ours have shown that NaV1.8 (SCN10A) expressing neurons in the DRG play a critical role in the pathogenesis of WD-associated neuropathy^[@CR16],[@CR32]^. To specifically test, the effect of WD or of saturated fatty acids on Nrg1 expressed in sensory neurons of the DRG, we directly purified mRNA in translation (associated with ribosomes) from DRG sensory neurons. To this end, we generated mice expressing a HA-tagged ribosomal protein (RPL22-HA) in the sensory neurons (RiboTag +/+: NaV1.8Cre +/−; RiboTag-Nav) by crossing RiboTag mice with hemizygous NaV1.8-Cre mice^[@CR16]^. Sensory neuron specific mRNAs and in translation were isolated from DRG of RiboTag-Nav as described before^[@CR16]^. Compared to NC-fed mice, sensory neurons of WD-fed (RiboTag-Nav) mice have less Nrg1 type III mRNA in translation (Fig. [2D](#Fig2){ref-type="fig"}) (n = 6/group; t-test; p \< 0.0005). Similar results were obtained from e*x-vivo* DRG organotypic cultures isolated from RiboTag-Nav and treated with palmitate (Fig. [2E](#Fig2){ref-type="fig"}) (n = 3 experiments in triplicate; t-test; p \< 0.0005). These results suggest saturated lipids overload during WD, impairs Nrg1 expression in sensory neurons.

LXRs are transcriptionally active in DRG and regulates Nrg1 expression {#Sec5}
----------------------------------------------------------------------

Next, we sought to determine the cause of the decrease in Nrg1 type III in sensory neurons of WD-fed mice, and following saturated fatty acid stimulation. LXRs (LXRα and LXRβ), are lipid nuclear receptors, and play a crucial role in regulation of cholesterol and fatty acid sensing^[@CR39]^. Our previous study using high-throughput real-time PCR screen showed that (1) LXRs were expressed in DRG and (2) LXR agonist treatment prevents progression of obesity-induced allodynia^[@CR16]^. First, using *in-situ* hybridization, we confirmed the presence of LXRs transcripts in the DRG cells (Fig. [3A](#Fig3){ref-type="fig"}). To assess the transcriptional activity of LXR in DRG neurons, we transduced primary DRG neurons with a pGreenFire1‐LXRE Lentivector reporter that co‐expresses a luciferase and GFP under the control of a promotor containing LXR response elements (Fig. [3B](#Fig3){ref-type="fig"}). The GW3965 dose used in experiment was evaluated by luciferase assay quantification (Fig. [3B](#Fig3){ref-type="fig"}) and verified by measuring the relative change in GFP expression between groups (Fig. [3C](#Fig3){ref-type="fig"}). We also evaluated control canonical targets of LXR α/β implicated in cholesterol efflux (Abca1), cholesterol synthesis (Srebf1/Srebp-1c), and confirmed that their expressions were increasing following LXR activation (Fig. [3D](#Fig3){ref-type="fig"}) (n = 3 experiments in triplicate; t-test; p \< 0.0005). These data demonstrate that LXRs are transcriptionally active in DRG neurons. To quantify the change in LXR activity in the presence of saturated fatty acid, transduced neurons with the lentivector reporter were treated with palmitic acid followed by 15 μM GW3965 stimulation. Palmitate treatment significantly lowered the increase in luminescence induced by GW3965 (Fig. [3E](#Fig3){ref-type="fig"}) (n = 3 experiments in triplicate; 2-way ANOVA; p \< 0.05; interaction, p = 0.00605). These findings confirm that LXR activity (and its canonical gene expressions) is altered in presence of fat in neurons as in many other tissues^[@CR16],[@CR39],[@CR40]^.Figure 3LXR are transcriptionally active in DRG. (**A**) *In situ* hybridization assay confirming presence of LXRa and LXRb mRNA in mouse DRG (scale 50 µm) (green-LXRα/LXRβ; blue-nuclei). (**B**) Luminescence dose-response curve for LXR agonist, GW3965, in DRG primary neuronal cultures transduced with pGreenFire1‐LXRE in LXRα Lentivector (n = 3 individual experiments). (**C**) GFP expression of GW3965 treated DRG primary neurons transduced with pGreenFire1‐LXRE in LXRα Lentivector using fluorescence imaging and flow cytometry (n = 3 individual experiments) (scale 100 µm). (**D**) Activation of LXR by GW3965 increases gene expression of LXR canonical pathway in the DRG (vehicle group treated as 100%) (n = 3 experiments in triplicate). (**E**) GW3965 mediated-luciferase activity in DRG primary neuronal cultures transduced with pGreenFire1‐LXRE in LXRα Lentivector treated with or without palmitate (n = 3 experiments in triplicate). All data are Mean±S.E.M. \*p \< 0.05; \*\*\*p \< 0.0005.

Next, we hypothesized that LXR could regulate Nrg1 gene expression. To evaluate the effect of LXR activation on the Nrg1 type III expression in normal and in an obesogenic environment, we treated mice fed either NC or WD for 8 weeks with LXR agonist, GW3965 (25 mg/Kg of body weight) twice a week for 3 weeks. Compared to NC-fed mice, DRG of WD-fed mice had lower level of Nrg1 type III mRNA. GW3965 administration increased Nrg1 type III mRNA level in the DRG of WD-fed mice (Fig. [4A](#Fig4){ref-type="fig"}) (n = 6/group; 2-way ANOVA; p \< 0.05; interaction, p = 3.2E-05). To directly assess whether GW3965 can affect the DRG neurons, we stimulated DRG organotypic cultures and primary DRG neuronal cultures with GW3965 and palmitate (Fig. [4B,C](#Fig4){ref-type="fig"}) (n = 4 and 3 experiments in triplicate respectively; 2-way ANOVA; p \< 0.005; interaction p = 3.17E-09 and 1.05E-06 respectively). Compared to vehicle, GW3965 treatment significantly increased mRNA expression of DRG Nrg1 type III and was blunted in the presence of palmitate (Fig. [4B,C](#Fig4){ref-type="fig"}).Figure 4LXR activation increases Nrg1 type III expression in sensory neurons of the DRG. (**A**) Nrg1 type III mRNA level in DRG of mice fed either NC or WD and treated with or without GW3965 with NC group treated as 100% (n = 6/group). (**B**) Nrg1 type III mRNA level in organotypic culture of DRG stimulated with or without palmitate and treated with or without GW3965 (vehicle group treated as 100%) (n = 4 experiments in triplicate). (**C**) Nrg1 type III mRNA level in primary neuronal culture of DRG stimulated with or without palmitate and treated with or without GW3965 (vehicle group treated as 100%) (n = 3 experiments in triplicate). (**D**) Nrg1 type III mRNA level in DRG sensory neurons of RiboTag-Nav mice fed either NC or WD and treated with or without GW3965 with NC-veh group treated as 100% (n = 6/group). (**E**) Nrg1 type III mRNA level in organotypic culture of DRG sensory neurons (from RiboTag-Nav mice) stimulated with or without palmitate and treated with or without GW3965 (vehicle group treated as 100%) (n = 3 experiments in triplicate). All data are Mean±S.E.M. \*p \< 0.05; \*\*p \< 0.005; \*\*\*p \< 0.0005.

To test whether GW3965 regulates Nrg1 type III expression in sensory neurons, NC or WD-fed RiboTag-Nav mice or palmitate-stimulated DRG organotypic cultures from RiboTag-Nav mice were treated with GW3965 as describe above. Compared to NC-fed RiboTag-Nav, sensory neurons of WD-fed RiboTag-Nav mice have lower mRNA level of Nrg1 type III (Fig. [4D,E](#Fig4){ref-type="fig"}) and GW3965 treatment attenuated this decrease (Fig. [4D,E](#Fig4){ref-type="fig"}) (n = 6/group and 3 experiments in triplicate respectively; 2-way ANOVA; p \< 0.5; interaction p = 0.050117 and 6.95E-06 respectively). Overall data suggest that LXR α/β regulate Nrg1 expression in the sensory neurons of the DRG. Our findings also suggest that the decrease in Nrg1 mRNA level observed *in vivo* in the nociceptors of obese mice i) may be the consequence of a decrease in LXR activity (induced by diet and/or saturated fatty acids) and ii) could be rescued by GW3965.

Loss of LXRs in sensory neurons decrease neuronal Nrg1 expression and change lipid gene expressions in the nerve cells potentially SC {#Sec6}
-------------------------------------------------------------------------------------------------------------------------------------

Our current data suggests that loss of LXRs activity in the sensory neurons of WD-fed mice could decrease Nrg1 expression impairing neuron-SC communication. This would result in impairment of ErbB downstream pathways in SC. To test this *in vivo*, we generated sensory neuron specific deletion of LXRs mouse model (LXRαfl/flβfl/fl: NaV1.8Cre +/−; LXRabnav) by crossing LXRαfl/flβfl/fl (LXRab) mice with NaV1.8Cre +/− mice as previously reported (Fig. [5A](#Fig5){ref-type="fig"})^[@CR16],[@CR17]^ (n = 6/group; t-test; p \< 0.0005). LXRab and LXRabnav mice were fed either NC or WD and their DRG were processed to assess the mRNA levels of LXR canonical pathway and Nrg1. As shown in Fig. [5B](#Fig5){ref-type="fig"}, Abca1 was decreased more than two fold in both NC and WD-fed LXRabnav mice (n = 6/group; 2-way ANOVA; p \< 0.0005; interaction, p = 0.88). Srebf1/Srebp-1c were decreased in DRG of WD-fed mice but in contrast to Abca1, no difference was observed between LXRab and LXRabnav (n = 6/group; 2-way ANOVA; p \< 0.005; interaction, p = 0.95) suggesting that, in sensory neurons, LXR does not drive Srebf1/Srebp-1c. Interestingly, Nrg1 type III was significantly reduced when LXRs are absent from sensory neurons demonstrating that endogenous LXRs regulate Nrg1 type III expression in sensory neurons *in vivo* and that WD feeding may alter this regulation (Fig. [5B](#Fig5){ref-type="fig"}) (n = 6/group; 2-way ANOVA; p \< 0.05; interaction, p = 0.77).Figure 5Loss of LXR α/β in sensory neurons decrease neuronal nrg1 expression. (**A**) LXRα and LXRβ mRNA levels in DRG of LXRα/β cell specific knockout using NaV1.8-Cre with control group set at 100% (n = 6/group). (**B**) mRNA levels of LXR canonical targets in the DRG of LXRab and LXRabnav mice fed either NC or WD (with LXRab-NC group set to 100%) (n = 6/group). (**C**) mRNA levels of LXR canonical targets in the sciatic nerve of LXRab and LXRabnav mice fed either NC or WD (with LXRab-NC group set to 100%) (n = 6/group). (**D**) (**B**) mRNA levels of ErbB2 and 3 in the sciatic nerve of LXRab and LXRabnav mice fed either NC or WD (with LXRab-NC group set to 100%) (n = 6/group). (**E**) Electron microscopic images of sciatic nerve from LXRab and LXRabnav mice (scale 4 µm). All data are Mean ± S.E.M. \*p \< 0.05; \*\*p \< 0.005; \*\*\*p \< 0.0005.

As mentioned above, DRG contains cell bodies of axons that compose the sciatic nerve and are associated with myelinating or non-myelinating SC. As Axonal Nrg1 is known to determine SC function^[@CR26],[@CR27]^, we isolated sciatic nerves from LXRab and LXRabnav mice to assess gene expression involved in lipid metabolism that were previously shown to be downstream of Nrg1/ErbB^[@CR25]--[@CR27],[@CR30]^: Srebf1/Srebp-1c, myelin protein zero (Mpz), and peripheral myelin protein (Pmp22) were evaluated. We rigorously dissected the nerve to harvest the same piece of tissue in each experiment. In pilot data, the number of cells isolated were counted, and the total number of cells (all cell types in sciatic nerve) were similar between all experiments (not shown). Interestingly, Srebf1/Srebp-1c expression increased in WD-fed mice sciatic nerve compared to NC-fed mice (Fig. [5C](#Fig5){ref-type="fig"}) (n = 6/group; 2-way ANOVA; p \< 0.05; interaction, p = 0.95). We did not observe any differences between genotypes suggesting that Srebp1f change following WD in nerve-associated cells is independent of neuronal LXR (Fig. [5C](#Fig5){ref-type="fig"}). We observed an increase of Mpz (trend) and Pmp22 mRNA (n = 6/group; 2-way ANOVA; p \< 0.005; interaction, p = 0.24) in sciatic nerve of LXRabnav mice compared to control mice. Compared to LXRab, we also observed a decrease in ErbB2 andErbB3 mRNA in the sciatic nerve of LXRabnav mice (Fig. [5D](#Fig5){ref-type="fig"}) (n = 6/group; 2-way ANOVA; p \< 0.05; interaction, p = 0.038 and 0.31 respectively). These data suggest that loss of LXR in sensory neurons may affect signaling in nerve- associated cells potentially SC and may change myelinstructure. We evaluated the sciatic nerve of LXRab and LXRabNav mice using electron microscopy, but we did not see any significant changes in SC number or structure in either Remak bundles (non-myelinated SC) or myelinating SC associated with the nerve (Fig. [5E](#Fig5){ref-type="fig"}, representative image). It is also possible that the change in gene expression is seen at an earlier time point than that of the change in structure or that the EM fails to capture these changes. Cell-specific models (e.g -cre) allowing to specifically purify SC non-myelinating and myelinating would be necessary to quantify *in vivo* the numbers of all SC and also to directly purify mRNA. Unfortunately, these models do not exist, the current knowledge on SC rely on *in vitro* experiment using SC cultures. These changes in neuron-nerve associated cell signaling may be involved - at least in part- in the mechanical and thermal hypersensitivity observed in obese mouse model lacking LXR in sensory neurons (as published^[@CR16],[@CR32]^).

Discussion {#Sec7}
==========

Human studies showed correlation between circulating cholesterol and lipids in development and progression of neuropathy^[@CR11]--[@CR13]^ albeit the mechanisms remain unexplained. LXRα and β are ligand-activated nuclear receptors that bind metabolites of cholesterol^[@CR18],[@CR19]^. While LXRα/β is described in many reports as being an important pathway involved in many neurodegenerative diseases^[@CR34],[@CR35]^, its specific role in CNS and PNS cells remains unclear and likely pleiotropic. Our current data suggest that LXRα/β may drive a unique transcriptional program regulating neuron-nerve-associated cells (likely SC) interactions that may sustain peripheral nerve function. Our findings using mice models (WD-fed and LXRα/β sensory neuron specific deletion) and *ex vivo* (DRG organotypic and primary neuron cultures), show that WD alters LXR activity that changes Nrg1 expression leading to neuron-SC communication impairment in the PNS. LXR activation had been shown to improve WD-induced neuropathy^[@CR16]^. It is possible that LXR/Nrg1/ErbB pathway explain in part this improvement.

In the PNS, SC surrounds peripheral nerve axons with myelin membranes. Abnormal SC impairs PNS function^[@CR37],[@CR38],[@CR41]^. During peripheral nerve development, SC differentiation and myelination critically depend on Nrg1, an axon-derived growth factor^[@CR26]--[@CR28]^. Nrg1 belongs to a family of transmembrane and secreted epidermal growth factor (EGF)-like growth factors, which activates ErbB receptor tyrosine kinases^[@CR41]^. When expressed on the neuron axonal surface, the transmembrane Nrg1 type III isoform regulates SC development and myelin sheath thickness^[@CR28],[@CR42],[@CR43]^. Sensory neurons (both myelinated and non-myelinated) express different levels of Nrg1. The amount of Nrg1 present on the axonal membranes^[@CR23]^ and SC myelin volume positively correlates with the surface area of the associated axon^[@CR24]^. Data suggest that interaction between non-myelinating SC and small diameter axons in Remak bundles is coordinated by Nrg1^[@CR25],[@CR31]^, indicating that both myelinating and non-myelinating SC and functionally modulated by Nrg1.

Nrg1 activation of ErbB receptors activate various signaling cascades which elicits cellular responses like proliferation, differentiation, motility, cell survival, and gene expression^[@CR23]^. Both ErbB2 and ErbB3 receptors are required for signal transduction in the Schwann cells, but ErbB3, but not ErbB2, binds extracellular ligands with high affinity, however ErbB3 is catalytically inactive, and ErbB2 contributes to the tyrosine kinase activity essential for signaling^[@CR44]^. Disruption of Nrg1/ErbB interaction leads to abnormal and aberrant myelination of large fibers and perturbation in the Remak bundle containing small non-myelinated axons resulting in abnormal nerve conduction and altered nerve structure^[@CR30],[@CR31]^. Regulation of SC lipid synthesis via Srebf1 is one of the primary transcriptional responses following Nrg1-ErbB2/3 stimulation^[@CR45]^. The mechanism of action of Nrg1 is not clear in non-myelinated fibers and needs to be better defined.

Evidence for the implication of LXR and oxysterols in the negative regulation of lipid and myelin gene expression was provided by Makoukji *et al*.^[@CR34]^. Using *in vitro* approaches, they showed that oxysterols are expressed in SC, and that they repress the gene expression of Mpz and Pmp22 by a mechanism involving LXR α/β^[@CR34]^. The data are surprising because, although myelin gene transcripts are up-regulated in mice lacking LXR α/β, myelin sheath thickness is reduced *in vivo*^[@CR34]^. They conclude that this hypomyelination in the LXR α/β knockout animals may be the consequence of an altered cholesterol homeostasis or an inefficient myelin protein trafficking from the endoplasmic reticulum^[@CR34]^. Our current study using sensory neuron specific LXRα/β knockout establishes a role of LXR in sensory neurons-SC communication and provide another mechanism to explore and understand the role of LXR in the SC function.

Previous studies from others and our group showed that signaling pathway in the neurons of the DRG is disrupted inducing cellular stress^[@CR16],[@CR32],[@CR36],[@CR46]^. Our previous data showed that activation of LXR might regulate lipid metabolism in sensory neurons of the DRG *in vivo* to blunt the WD-induced cellular stress in sensory neurons of the DRG^[@CR16]^. Altogether, our data indicates that LXRs are active in the sensory neurons of the DRG where they regulate multiple pathways^[@CR16],[@CR34],[@CR35],[@CR39],[@CR40]^ (cholesterol metabolism, ER stress pathway, membrane composition, neuron-SC communication via Nrg1). Further investigation would be necessary to better delineate how LXR regulates Nrg1 signal transduction. Sensory neuron and SC-specific studies would be helpful to decipher the role of lipids in peripheral neurons and better understand the complex Obesity-induced neuropathy. To this end, further investigations needs to better define the various SC in the PNS. After that, it would be important to evaluate the type of SC that interact with sensory neurons expressing LXR. For example, recently Abdo *et al*.^[@CR47]^, unmasked a unique non-myelinating SC expressing Sox10 associated with small fiber neurons to regulate nociception^[@CR47]^. It is possible that NaV1.8 and LXRs expressing axons are associated with Sox10-expressing SC to regulate PNS function. Cell specific studies and neuron-SC co-culture using appropriate markers -that still need to be characterized - will be necessary to specify new discoveries detailed in the current studies, however the markers and genetic models are currently lacking.This study will open-up avenues for future research aimed at understanding Obesity-associated neuropathies for which there is no cure yet; indeed restoring the communication between neurons and SC might be a new pathway to explore to treat and cure PNS dysfunction in Obesity-associated neuropathy.

Materials and Methods {#Sec8}
=====================

Mice {#Sec9}
----

All studies were conducted in accordance to recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health and the approval of the Loyola University Chicago Institutional Animal Care and Use Committee. C57BL/6 J (\#000664), RiboTag (\#011029) were obtained from Jackson laboratory (Maine, USA) and crossed with transgenic mice carrying Cre recombinase driven by a Scn10a promoter (NaV1.8::Cre mice) (Scn10atm2(cre)Jnw) to generate wild-type and RiboTag +/+: NaV1.8Cre +/− mice^[@CR16]^. Sensory neuron specific liver x receptor (LXRα and β) knockouts were obtained by crossing LXRαfl/flβfl/fl mice with NaV1.8Cre +/− mice to generate LXRαfl/flβfl/fl: NaV1.8Cre +/− which were then crossed with LXRαfl/flβfl/fl to obtain LXRαfl/flβfl/fl (controls) and LXRαfl/flβfl/fl: NaV1.8Cre +/−^[@CR16],[@CR17]^. All mice were housed 4/cage under a 12:12 h light/dark cycle. Mice received either NC (Teklad LM-485) or WD (TD88137, Teklad Diets; 42%kcal from fat, 34% sucrose by weight, and 0.2% cholesterol total) (Envigo, Indiana, USA) for 12 weeks starting at weaning^[@CR16],[@CR17]^. All studies mentioned were done exclusively using male mice to avoid confounding effect of hormones with experimenter blinded to both treatment and genotype.

*In Situ* Hybridization {#Sec10}
-----------------------

Fluorescence *in situ* hybridization (FISH) was performed on 20 μm thick slices of fresh frozen mouse DRG using RNAscope fluorescent multiplex reagents (Advanced Cell Diagnostics, 320850) according to the manufacturer's instructions. RNA probes for Lxrα and Lxrβ (Advanced Cell Diagnostics, 440881 and 440871 respectively) were incubated with the DRG slices and signal amplification was achieved using the multiplex reagents as instructed. Images were captured using Olympus IX80 Inverted Microscope equipped with an X-Cite 120Q fluorescent light source (Lumen Dynamics) and a CoolSNAP HQ2 CD camera (Photometrics). Image processing was done using CellSensDimension software (V1.18) (Olympus Corporation, Waltham, Massachusetts).

### *In vivo* agonist treatment {#Sec11}

WT and RiboTag mice were treated with vehicle or LXR agonist (GW3965; 25 mg/kg BW) (Axon Medchem, Virginia, USA) by i.p. twice a week for 3 weeks starting at 8 weeks on WD as reported before^[@CR16]^. Tissues were rapidly dissected and frozen in liquid nitrogen before analysis. Tissue from RiboTag mice were harvested and processed as detailed below.

### DRG organotypic culture {#Sec12}

Juvenile male mice (4--5 weeks) were anesthetized with isoflurane before decapitation, and the DRG were quickly removed and cultured on a air-interface membrane (Millipore). Cultures were maintained for a week in standard culture medium^[@CR17]^ replacing every other day in a 37 °C and 5% CO~2~ incubator. After an overnight incubation in low serum (2.5%) MEM supplemented with GlutaMAX (2 mM), DRG were stimulated with either vehicle or 15 µM GW3965 for 24 hrs before palmitate treatment (400 µM) for another 24 hrs as described previously^[@CR16]^. RNA was extracted using ActurusPicoPure RNA Extraction Kit (Applied Biosystems, California, USA).

### Enrichment of transcripts from sensory neurons {#Sec13}

DRG from RiboTag +/+: NaV1.8Cre +/− mice were either freshly harvested for RNA isolation or harvested to perform organotypic culture followed by RNA isolation. To isolate RNA associated with HA-tagged ribosomes in sensory neurons, immunoprecipitation (IP) followed by mRNA purification following the procedure published by Sanz *et al*. was used^[@CR16],[@CR48]^. Briefly, DRG were homogenized in homogenization buffer and supernatant removed after centrifuging at 10,000 g for 10 min at 4 °C. 10% of the homogenate was saved (input) for mRNA isolation. Remaining volume was incubated at 4 °C with anti-HA antibody (Biolegend, \#901513) at 1:150 dilution for 4 hrs on a gentle spinner. This is followed by an overnight incubation at 4 °C on a gentle spinner with above sample transferred to tube containing magnetic beads (Pierce A/G magnetic beads, California, USA). Supernatant form the samples were collected and beads were washed with high salt buffer, 3 times, 10 min each at 4 °C on spinner. After final wash, lysis buffer (RNeasy Micro Kit, Qiagen, Maryland, USA) with β-mercaptoethanol (10 µl/ml) was added to elute the mRNA. Total RNA from the IP'ed polysomes was eluted using RNeasy Micro Kit (Qiagen, California, USA) following manufacturer's instructions and quantified with Quant-iTRiboGreen RNA Assay kit (Invitrogen, California, USA) and Agilent Bioanalyzer. Quantitative PCR performed on cDNA reverse transcribed from Ribotag mice RNA were normalized to β-actin as previously reported^[@CR48]--[@CR50]^.

### Primary DRG neuronal culture {#Sec14}

DRG from juvenile male mice were collected in ice-cold advanced DMEM without any supplementation and axotomized as previously reported^[@CR16]^. Briefly, axotomized DRG were then transferred to a collagenase A/trypsin mix (1.25 mg/ml each) and incubated for 30 min. Partially digested DRG were then passed through fire polished glass pipettes followed by 3 min spin at 3000 g. After careful removal of supernatant, cells were resuspended in advanced DMEM with 10% FBS and 4 mM GlutaMAX, and plated onto a poly-l-lysine coated plates. Neuronal cultures were maintained in a 37 °C and 5% CO~2~ incubator for 3--4 days changing above media supplemented with Ara-C (2 µM) to inhibit replicative cells every other day before treating the cells to extract RNA as described above.

### Luciferase reporter assay {#Sec15}

Primary DRG neuronal cultures isolated as described above were transduced with pGreenFire1‐LXRE in LXRα Lentivector (System Biosciences, California) followed by respective group treatment 48 hrs after transduction. pGreenFire1‐LXREin LXRα co‐expresses a destabilized copepod GFP and luciferase from the LXR response elements and neighboring regions in the LXRα promoter paired with a mCMV promoter. After 24 hrs of treatment, cells were lysed in equal volume of ONE-GloLysis Buffer (Promega, Wisconsin) to that of culture medium. The luminescence was measured using CLARIOstar (BMG Labtech) and normalized to total protein.

Flow cytometry {#Sec16}
--------------

Flow cytometry was performed on primary DRG neuronal cultures after transduction with pGreenFire1‐LXRE in LXRα Lentivector followed by respective group treatment 48 hrs after transduction. Total GFP from treated cells was analyzed using LSR Fortessa.

RNA isolation, cDNA library construction and Illumina sequencing {#Sec17}
----------------------------------------------------------------

Total RNA was extracted from Sciatic nerve of NC- or WD-fed mice with Arcturus PicoPure RNA isolation kit (Applied Biosystems). Two biological replicates (4 sciatic nerve per replicate) were used for each group. Total RNA was quantified by Qubit and assessed for quality on an Agilent Bioanalyzer using Total RNA Pico Chip. Total RNA samples that passed QC were used as input for library construction. Full-length cDNA synthesis and amplification were carried out with the Clontech SMART-Seq v4 Ultra Low Input RNA Kit. Subsequently, Illumina sequencing libraries were prepared from the amplified full-length cDNA with the Nextera XT DNA Library Preparation Kit. Prior to sequencing, the prepared libraries were quantified with Qubit and validated on a Bioanalyzer with a High Sensitivity DNA chip. The sequencing of the libraries was conducted on an IlluminaNextSeq 500 NGS System. Single 75 bp reads were generated with dual indexing. RNA-seq Analysis done with STAR and DESeq2. The quality of reads, in FASTQ format, was evaluated using FastQC. Reads were trimmed to remove Illumina adapters from the 3′ ends using cutadapt^[@CR51]^. Trimmed reads were aligned to the Mus musculus genome (mm10) using STAR^[@CR52]^. Read counts for each gene were calculated using htseq-count^[@CR53]^ in conjunction with a gene annotation file for mm10 obtained from Ensembl (<http://useast.ensembl.org/index.html>). Normalization and differential expression were calculated using DESeq2 that employs the Wald test^[@CR54]^. The cutoff for determining significance was a q-value less than 0.05 using the Benjamini-Hochberg method and a log-fold change less than −0.6 or greater than 0.6. Pathway analyses were performed using Metascape^[@CR55]^ (<http://metascape.org>) to identify enriched pathways among genes with significant differential expression. Genes with significant changes in expression were divided into upregulated and downregulated genes and analyzed separately. Pathways with q-values less than 0.05 were considered significant.

### Validation of transcripts and Quantitative PCR {#Sec18}

For all genes of interest, qPCR was performed using Sybr green-based assay (Roche, Indiana, USA) using IDT primers (IDT technologies, Iowa, USA). 18 s (β-actin, for RiboTag: NaV1.8 IP'ed mRNA) was used to normalize data and quantification was done using ΔΔCT method with vehicle treated group's mean value set at 100% as reported before^[@CR16]^.

Electron microscopy {#Sec19}
-------------------

Electron microscopy was done to assess ultrastructural changes in the sciatic nerve of mice lacking LXR in sensory neurons. Briefly, mice were deeply anesthetized with isoflurane and transcardially perfused with PBS followed by fixative(2% paraformaldehyde, 2.5% glutaraldehyde, 0.1 M sodium phosphate buffer). Sections of the nerve were obtained using a Leica Ultracut UCT 6 ultramicrotome (Leica Microsystems) and stained with 2% uranyl acetate and lead citrate. Sections were placed on copper grids (Thermo Fisher Scientific) and images were acquired on a Tecnai G2 spirit TEM (FEI).

### Quantification and statistical analysis {#Sec20}

All data are represented as mean±S.E.M. Analysis were done using IBM SPSS Statistics 24. For single group comparisons either a 1- or 2-tailed t-test was used as appropriate and multiple comparisons were performed using ANOVA. For repeated measures, 2-way ANOVA was used and p value less than 0.05 was considered significant. Number of experiments/replicates and mice for each experiment are described in figure legends. In both the differential expression analysis and pathway analysis, a p-value is calculated for each individual hypothesis test, therefore necessitating a multiple hypothesis test correction. To correct for multiple hypothesis testing, both DESeq2 and Metascape calculate the false discovery rate (FDR) and applying to the p-value, generating an FDR-adjusted p-value (q-value). Pathway analysis of RNAseq data was done by functional analysis on Metascape^[@CR55]^ (<http://metascape.org>) on March 11, 2020.

Supplementary infromation {#Sec21}
=========================
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